Abstract As an alternative treatment for chronic back pain due to disc degeneration motion preserving techniques such as posterior dynamic stabilization (PDS) has been clinically introduced, with the intention to alter the load transfer and the kinematics at the affected level to delay degeneration. However, up to the present, it remains unclear when a PDS is clinically indicated and how the ideal PDS mechanism should be designed to achieve this goal. Therefore, the objective of this study was to compare different PDS devices against rigid fixation to investigate the biomechanical impact of PDS design on stabilization and load transfer in the treated and adjacent cranial segment. Six human lumbar spine specimens (L3-L5) were tested in a spine loading apparatus. In vitro flexibility testing was performed by applying pure bending moments of 7.5 Nm without and with additional preload of 400 N in the three principal motion planes. Four PDS devices,
Introduction
As a treatment for chronic back pain due to disc degeneration, fusion remains the gold standard [1] . However, this procedure is often accompanied by complications such as accelerated degeneration of the adjacent levels [2] [3] [4] [5] and related to iliac crest bone grafting [6] [7] [8] . As alternative treatment, motion-preserving techniques have been developed and introduced, using anterior or posterior devices. The latter, such as interspinous implants or pedicle screwbased dynamic stabilization systems (PDS), are intended to alter the load transfer and the kinematics at the affected level to delay degeneration. However, as of now, it remains unclear when a PDS is clinically indicated and how the ideal PDS mechanism should be designed to achieve this goal.
In clinical use since 1994 [9] , Dynesys has shown mixed results, strongly dependent on the clinical indication [10] [11] [12] [13] [14] [15] . Apparently, a complication attributed to its inadequate stabilization in the transversal plane may be the disability to eliminate radicular pain [16, 17] .
Comparing spinal fusion and PDS devices, several in vitro biomechanical studies found no difference in flexion/ extension and lateral bending stabilization, but a clear one in rotatory stabilization, whereas the PDS device was at least similar to the native situation [18] [19] [20] [21] [22] . Rohlmann et al. [23] showed that only very low axial stiffness (\200 N/mm) of a posterior rod affects the kinematic response of a segment in the sagittal plane. Higher rod stiffness does not significantly influence the segment kinematics and is comparable to rigid systems. Schmidt et al. and Wilke et al. [24, 25] confirmed these findings in the sagittal plane. They also showed that, to stabilize the treated segment equally in all three motion planes, the bending stiffness of the rod has to be taken into account regarding lateral bending and axial rotation whereas its effect on flexion/extension is negligible.
It is impossible to estimate the overall impact of PDS designs as comparative data are still missing which would allow understanding in more detail the design-related biomechanical consequences. To our knowledge, no in vitro study has yet compared the kinematic response and load transfer within the intervertebral disc (IVD) of different PDS devices with each other and with the golden standard rigid stabilization. Therefore, the aim of this study was to compare different PDS devices against a rigid fixation device to investigate the biomechanical impact of PDS design on stabilization and load transfer in the treated and upper adjacent segment and to gain additional experience for clinical indications and limitations.
Material and method

Specimens
Six fresh-frozen human lumbar spines (L3-L5) with a mean age of 67 years (range 55-77) kept at -21°C in triple sealed bags were thawed overnight at 6°C before the test.
CT scans did not reveal any fractures, osteophytes, or signs of severe disc degeneration. Soft tissue was removed, leaving the ligaments, capsules, and supporting structures intact. In order to fix the specimens firmly in place on the simulator, the cranial and caudal vertebrae (L3 and L5) were embedded with a casting resin (Ureol FC 53, Vantico GmbH, Wehr, Germany) in the test fixtures so that segmental motion was not restricted in any way, and the L3-L4 disc oriented in the horizontal plane.
Instrumentation
Four devices, ''DYN'' (Dynesys Ò , Zimmer GmbH, Switzerland), ''DSS TM '' (Paradigm Spine, Wurmlingen, Germany), and two prototypes of dynamic rods, ''LSC'' with a leaf spring, and ''STC'' with a spring tube (Aesculap AG, Tuttlingen, Germany), were tested in comparison to a rigid fixation device S 4 (Aesculap AG, Tuttlingen, Germany) ''RIG'', to the native situation ''NAT'' and to a defect situation ''DEF'' of the lumbar spine (Fig. 1) . The instrumented level was L4-L5. The segment condition DEF represents a standardized undercutting decompression as described by Schulte et al. [22] .
Stiffness
The devices have the following axial stiffness, STC, 10 N/ mm; LSC, 70 N/mm; DSS, 50 N/mm; and DYN, 230 N/ mm; and the following bending stiffness, STC, 15 N/mm; LSC, 3 N/mm; DSS, 5 N/mm; and DYN, 6 N/mm. The latter was measured in a simple pretest with a sample size of n = 5; the one end of the rod is clamped, the other end is subjected to a perpendicular load with a defined lever arm of 30 mm linearly until reaching a deformation of 1.5 mm at the load application point. The measured results showed a high reproducibility with a standard deviation of less than 2% of the mean value. However, it must be noted that it is challenging to evaluate the bending stiffness of dynamic systems as it depends on several factors and overall system design.
Adaptation of DSS and DYN
The systems were adapted to allow the connection with the RIG pedicle screw system. The DSS's connecting elements on the coupler were replaced by the standard Ø 5.5 mm titanium rod used in the RIG system. The DYN was inserted by a tube adaptor, which fits into the RIG screw and has the same cord-locking and PCU spacer mechanism as the original device. The goal was to achieve the same primary clamping stability in the adapted systems as in the original. Subassembly testing of axial rod gripping and flexion bending according to ASTM F1798-97 (2003) brought comparable results. Furthermore, previous synthetic tests [26] had shown that the adaptation had not altered the original range of motion of the systems.
Adaptation of STC and LSC STC consists of two parts. The basic part comprises a Ø 5.5 mm lower rod and a much smaller upper rod acting as a telescope arm. Its upper counterpart is a Ø 5.5 mm biconical tube on which the telescope arm is mounted, allowing translational and bending movements. A spring connects those two parts. In contrast, LSC is a one-piece design. Both ends are solid Ø 5.5 mm rods with a leaf spring in between. This design allows very linear axial and bending stiffness. The adaptation of all dynamic rods into a standard pedicle screw made it possible to insert the pedicle screws once, and then perform a cement augmentation through the screw in the vertebra and replace the rods at every instrumentation step (Fig. 2) . This procedure minimizes the risk of screw loosening during testing and allows a side-by-side comparison, with the following instrumentation steps designated as segment conditions ( Table 1 ). The instrumentation steps (4)- (7) were randomized for each specimen. The rigid instrumentation was always measured as the first and the last to quantify the effect, if any, of screw loosening or specimen weakening during the entire test period. This also allows capturing the effect of specimen weakening by calculating the mean RIG_MW out of RIG_1 and RIG_2, which can be reasonably compared with the randomized steps (4)- (7) .
The test method complies with the testing criteria for spinal implants [27] . The specimens were loaded at room temperature into a spinal simulator based on the principles of Crawford et al. [28] , applying pure moments (±7.5 Nm) with a velocity of 3°/s for flexion/extension (Flex/Ex), lateral bending (LB) and axial rotation (AR) and in a second step with additional axial preload (F P = 400 N). The kinematics, i.e., the six components of motion according to Panjabi [29] were measured with a 3D ultrasonic motion analysis system (Zebris, Isny, Germany) in the instrumented (L4-L5) and in the upper adjacent segment (L3-L4). The characteristic parameters, range of motion (ROM) and neutral zone (NZ), were analyzed from the hysteresis curves of the third loading cycle. Intradiscal pressure (IDP) in the treated (L4-L5) and untreated disc (L3-L4) was measured at the same time as the kinematics, using a fiberoptic miniature pressure transducer (Ø 0.4 mm, pressure range -0.1-1,700 kPa) based on the Fabry-Perot principle (Samba Sensors, Sweden). The transducer tip was inserted ventro-laterally in the nucleus pulposus with an intravascular indwelling cannula, Introcan Ò W, Ø 0.7 mm (B. Braun, Germany). IDP values were analyzed at three characteristic loading points from the moment versus IDP plots at maximum, zero and minimum moment.
Statistics
The effect of segment condition on ROM, NZ, and IDP as absolute values was assessed using repeated-measures analysis of variance (ANOVA) with a significance level of p = 0.05. Prior to analysis, the normal distribution of the data was verified with the Kolmogorov-Smirnov test. Least square difference test (LSD) for post-hoc analysis was used to determine the differences between specific segment conditions. Additionally the correlation between axial rod stiffness and ROM was determined by the Spearman's rank correlation coefficient r s with a significance level of p = 0.05. All statistical analyses were performed with Statistica 8.0 (StatSoft, Inc.).
Results
Range of motion and neutral zone
The ROM and NZ of the treated and untreated segment (L4-L5, L3-L4) for all segment conditions, all principal motion planes, and both load cases are summarized in Tables 2 and 3 , shown as absolute values (degrees). The changes of condition in the treated segment in the pure moment mode relative to the native situation are presented in Fig. 3 : ROM, and Fig. 4 : NZ. Although the DEF increased the ROM in all motion planes, the differences were not significant. The RIG reduced the ROM and NZ significantly in all principal motion planes (p \ 0.0001).
In flexion, extension, and lateral bending, all systems, except STC, showed a significant reduction of ROM and NZ compared to the native situation (p \ 0.05). In both loading directions, a correlation was observed between rod stiffness and stabilization with r s = -0.77 for flexion, r s = -0.68 for extension, and r s = -0.8 for lateral bending (p \ 0.0001). Furthermore, we found no significant difference between DYN and RIG (p [ 0.1). In addition, the systems with almost the same axial rod stiffness, LSC and DSS, brought about a nearly identical ROM reduction (p [ 0.7) in flexion, extension, and lateral bending.
In axial rotation, only DSS and STC reduced the ROM significantly (p \ 0.005) compared to the native situation while DYN and LSC stayed at the level of the native intersegmental rotation (p [ 0.05). Here, we found no correlation between rod stiffness and stabilization with r s = -0.2 (p = 0.3).
Intradiscal pressure
Intradiscal pressure (IDP) results for flexion/extension ( Fig. 5 ) and axial rotation ( Fig. 6 ) are shown as absolute values for all segment conditions and the two loading modes of (a) pure moment and (b) pure moment with additional preload. For lateral bending, we found no consistent data and did not include them in this report. The DEF increased IDP in flexion, extension, and axial rotation. For all instrumentation steps, a further increase of IDP was observed in flexion whereas, in extension, a reduction of IDP below the native situation was found. In axial rotation, IDP was asymmetrical in the treated segment at the maximum torsional moments to the right and left in the pure moment mode. However, the respective segment conditions showed similar trends on both sides. Here, decompression of the segment increased IDP and was most pronounced when rotating to the right side. RIG, STC, LSC, and DSS reduced IDP at least to the native level, whereas the DYN stayed at the level of the pathological situation (Fig. 6a) . In the neutral state, compared to the native situation, the averaged change of IDP was 13.2% (±44.7%) for all segment conditions in flexion extension, and axial rotation, in both loading modes.
Additional preload
The additional preload reduced the absolute values of the ROM and NZ in all motion planes and in all segment situations, whereas the change of the different segment conditions relative to the native situation stayed nearly the same. In the neutral state, the preload generally increased IDP. However, the relative change of IDP at the maximum bending moment was less pronounced compared to the pure moment mode.
Untreated segment
In the untreated adjacent segment, we observed minor changes in ROM and NZ in all the three motion planes, in both loading scenarios, and for all segment conditions compared to the native situation. In the pure moment mode, the changes in ROM were 8.3% (±12.5%) in flexion/ extension, 2.9% (±5.4%) in lateral bending, and 2.6% Abbreviations are explained in Table 1 Eur Spine J (2011) 20:297-307 301 (±10%) in axial rotation, whereas changes in NZ were 24.6% (±31.3%), 11.9% (±20.6%) and 17.6% (±29.2%), respectively. In addition, in the untreated segment for all segment conditions compared to the native situation, the change of IDP averaged 11.5% (±36.8%) in flexion/extension and axial rotation and in both loading modes.
Discussion
A number of concepts with controversy approaches are currently discussed in dynamic pedicle screw systems. However, a direct comparison among the different systems has so far not been performed. This study investigated the effect of different dynamic pedicle screw systems on the kinematic response and load transfer within the treated (L4-L5) and untreated adjacent segment (L3-L4). The protocol was designed to allow a direct side-by-side comparison of dorsal instrumentations in the same specimen as only the rods were changed. To this effect, we inserted a standard pedicle screw, and then performed a cement augmentation through the screw to minimize loosening during testing. For this reason, the current study is, to our knowledge, the first to provide a direct comparison of such systems in the same specimen.
In the dynamic instrumentations, we found a correlation between axial stiffness and stabilization in the sagittal and frontal plane. Here, the system with the lowest stiffness, STC, displayed the lowest stabilization of the treated segment, whereas the system with the highest stiffness, DYN, was most pronounced and not significantly different from rigid instrumentation. The latter reduced the ROM and the NZ significantly in all the three motion planes as expected. In the transversal plane, the systems behaved differently that is we did not find any correlation between stiffness and stabilization. The system's ability to stabilize the segment, that is its ability to withstand shear loads, depends mainly on design and not, as assumed, on axial or bending stiffness.
The native ROM of the functional spinal units tested in the present study was, in all motion planes, comparable to the values reported in the literature for in vitro testing of specimens in the loading modes of pure moment [20, 21, 25, 30, 31] and pure moment with additional preload [19, 20] . In addition, the ROM data reported here on DYN are consistent with comparable studies, where DYN shows nearly the same stabilizing effect as a rigid fixation device in flexion/extension and lateral bending, but very limited stabilization in axial rotation [18] [19] [20] [21] [22] 30] . In addition, the data on DSS are also consistent with the findings of Wilke et al. [25] , except for axial rotation. They reported a ROM reduction of 54% in flexion, 39% in extension, 45% in lateral bending, and 7% in axial rotation in comparison to our results of 58.2, 40.4, 46.3, and 52.5%, respectively. The differences in axial rotation could be due to screw loosening, as described by Schmidt et al. [24] , as the rigid fixation system they tested showed only a decrease of 26%, Abbreviations are explained in Table 1 which is in the lower range compared to other studies [21, [32] [33] [34] [35] [36] . FEA studies have shown that rod stiffness plays a major role in stabilizing the segment after treatment with a dynamic rod system. Here, Rohlmann et al. [23] reported that only very low rod stiffness \200 N/mm markedly influences intersegmental rotation at the treated level in flexion/extension. In a more detailed study on rod, axial and bending stiffness, and on its influence on intersegmental rotation, Schmidt et al. [24] demonstrated a correlation between implant stiffness and segment stabilization in all the three main motion planes. In contrast, in flexion/ extension, the effect of bending stiffness was negligible.
Our results confirm these findings on flexion/extension. However, they also show this clear correlation between axial stiffness and segment stabilization in lateral bending as in flexion and extension, and the same negligible effect of bending stiffness. Furthermore, on axial rotation, our results do not support the hypothesis that bending and axial stiffness of the rod are the only factors in achieving a certain stabilization of the treated segment, but they suggest that the rod design itself plays a major role in this context, as shown for the different system designs used in this study with a range of axial stiffness between 10 and 230 N/mm and almost the same bending stiffness of below 15 N/mm in the first linear range. If axial stiffness were the predominant factor, the system with the lowest stiffness would have the smallest stabilizing effect. Nevertheless, as we have seen, there is no correlation between axial stiffness and stabilizing effect. Therefore, DYN with the highest stiffness had the smallest stabilizing effect, whereas STC, the system with the lowest stiffness, had a median stabilizing effect compared to DSS and LSC, the two systems with the same stiffness. This could be due to the specific shear stiffness of the different systems. The DYN spacer is locked into place by a cord between the flat sides of the screw body, thus it cannot withstand high shear load and could shift transversely at the screw ends. The one-piece design of LSC also has low shear stiffness and allows translation in anterior-posterior and medial-lateral Table 1 Eur Spine J (2011) 20:297-307 303 direction. In the system designs using a compression spring mechanism (STC, DSS), shear resistance is obviously higher because translational movement is more restricted. In these two systems, we found a correlation between axial stiffness and stabilization. Therefore, our findings suggest that a system's shear stiffness is the critical factor in achieving stabilization in the transversal plane. IDP data showed an increase in the sagittal and transversal plane after decompression of the treated segment. After instrumentation with RIG, we observed a further increase of IDP in flexion, but a clear reduction in extension. The dynamic systems demonstrated a similar trend, whereas STC showed the smallest increase of IDP in flexion, but also the smallest reduction in extension. The same trend was found in the second loading mode with additional preload. In the transversal plane, the RIG, STC, LSC, and DSS instrumentation steps reduced IDP in the treated segment with the exception of the DYN, which stayed at the level of the decompressed segment condition.
These pressure values match those obtained by Schmoelz et al. [37] . In the native situation, IDP was found in the same range in all motion planes; this also applies to the effect of decompression and instrumentation with a rigid fixator and the Dynesys system on IDP.
In contrast, IDP remained at the same level in the unloaded neutral condition of the segments in the different instrumentation steps while the instrumentation steps of the rigid fixator and the Dynesys system had a different effect. Our results show a trend towards a further increase for all instrumentations in flexion. Apparently, the center of rotation shifts to the dorsal structures after posterior instrumentation leading to a higher loading of the IVD in flexion due to the pre-tensioning effect of the systems.
In the preload mode, IDP values increased clearly, but the changes were smaller at maximum moment. This means that the additional preload causes a more constant IDP during a complete loading cycle. However, certain effects of the instrumentations are still present.
These pressure values approximate those recorded in certain postures by Nachemson [38] , Sato [39] , and Wilke [40] . Thus, pure moment loading creates the IDP measured in a lying position and preloading that measured in an upright position.
The IDP data also support the hypothesis that design parameters, such as implant stiffness, result in a different load transfer within the intervertebral disc. Thus, the system with the lowest axial stiffness brought about the smallest decrease of IDP in extension, but also the smallest increase in flexion, and the rigid instrumentation the highest decrease in extension, but also the highest increase in flexion.
Furthermore, in axial rotation, design was seen to influence IDP. Here, DYN did not reduce IDP in comparison to decompression, but the RIG did so to the highest degree.
Data on lateral bending were not consistent and very asymmetrical, possibly due to the medio-lateral position of Table 1 the sensor. Extensive pretest series were conducted for the development and evaluation of the methodology to measure the intradiscal pressure with a high reproducibility and with the goal to minimize artifacts due to sensor positioning or placement. From this pretest series, the mediolateral sensor position was found to be optimal for this kind of experimental procedure. Despite of the good pretest results, the pressure measurement for lateral bending conducted in the here reported study was found to be very asymmetrical. However, to be consistent with the outlined method a change of the sensor position during the test was not considered. For this reason, we did not include this data in this report.
In the untreated segment, we observed no changes of ROM, NZ, and IDP in all treatment conditions. However, in vitro testing is clearly limited in its ability to investigate the influence of instrumentation techniques in the adjacent level. The pure moment protocol for flexibility testing used in this study causes constant moment loading at all segmental levels, making a change in ROM improbable. Additional loading with superimposed preload probably alters this behavior because of load vectors acting in a different way, but did not change the ROM in all systems significantly. We made the hitherto unreported observation that the NZ of the adjacent segment increased by trend after both rigid and dynamic instrumentation, but not in the pathological situation. We found no conclusive explanation for this fact, but it may be due to compensating effects increasing the laxity of the adjacent segment.
The used specimens were from fairly old donors, bringing the risk of degeneration especially of the IVD. Prior to testing they were CT scanned and visually inspected for signs of severe disc degeneration and excluded if such were found. We were aware that the age of the specimens and the accompanied age related disc degeneration was not ideal to collect reliable data on IDP, as the large standard deviation in the IDP measurements shows. Nevertheless, we did not think it would have a significant impact on the kinematic response. The PDS systems are generally implanted in younger patients, but they are intended to treat and correct problems caused by disc degeneration. In addition, previous studies have shown that degeneration of the IVD has only a minimal effect on the ROM [41] and may even result in a decrease in a severe case [31] .
To test five systems on the same specimen could be seen as a limitation of the current study as screw loosening could occur. In order to address this issue, we used a standard pedicle screw system inserted by cement augmentation. In addition, to eliminate this distorting effect, we repeated the rigid instrumentation (RIG_1) after the dynamic instrumentations as last step (RIG_2). The ROM increased by no more than 5% compared to the native ROM, as in the untreated adjacent segment (Table 2) . For this procedure, the two dynamic systems, DSS and DYN, had to be adapted to the one standard pedicle screw system. Pretests confirmed that this adaptation did not alter their original mechanical behavior [26] .
In addition, we inserted the original DYN PCU spacer used in clinical praxis. Several authors suggest using a special PCU spacer for in vitro testing with a lower stiffness than that of the original because temperature affects spacer stiffness. A pretest yielded a stiffness of 230 N/mm for the PCU spacer at room temperature, a value acceptably close to the 200 N/mm recorded for the clinically used spacer. The use of such a special spacer is problematic as the cord is subjected to 300 N pre-tensioning, which could cause a compression of the treated level and lead to misleading ROM results for the system in question. This is in agreement with the findings from Niosi et al. [20] who used such a modified spacer. They assume that the longer spacer (?2 mm) better mimics the in vivo situation. For this reason, we decided to use the slightly stiffer spacer; it also added to the range of stiffness magnitudes for the systems included in the study.
Clinical data for posterior pedicle screw-based dynamic stabilization show mixed outcomes ranging from comparable to fusion [10, 11, [13] [14] [15] 42 ] to worse than fusion [16, 17] , which could be attributed to the different clinical indications. Obviously, the latter (e.g., disc degeneration, spinal stenosis with or without degenerative spondylolisthesis, etc.) together with the clinical procedure (e.g., with or without decompression, nucleotomy, etc.) is critical for the outcome, but the ability of the systems to restrict or allow movement to a certain degree is also a factor (e.g., if the pain comes from rotation, but the dynamic system does not restrict it, radicular pain may persist).
Although it remains unclear which stiffness or design will prove the most successful for dynamic stabilization of the spine, we believe that it is essential that to restrict the movement of the treated segment in all motion planes to a certain degree, inferior to that of the native situation, to compensate for example the ROM increase from decompression and to minimize abnormal movement or instability.
Conclusion
A correlation was found between axial stiffness and intersegmental stabilization in the sagittal and frontal plane. There the system with the lowest stiffness displayed the lowest stabilization of the treated segment, whereas the system with the highest stiffness was most pronounced and not significantly different from rigid instrumentation. However, no correlation was found between axial stiffness and intersegmental stabilization in the transversal plane where intersegmental stabilization is mainly governed by the systems' ability to withstand shear loads. Furthermore, we observed the systems' capacity to reduce IDP in the treated segment. Our results do not suggest that the adjacent segment is affected by the stiffness of the fixation device under the described loading conditions.
